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A PHYSICAL MODEL FOR ACTIVE GALACTIC NUCLEI WITH DOUBLE-PEAKED BROAD EMISSION LINES 
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ABSTRACT 

The double-peaked broad emission lines are usually thought to be linked to accretion disks, however, the 
local viscous heating in the line-emitting disk portion is usually insufficient for the observed double-peaked 
broad-line luminosity in most sources. It was suggested that the X-ray radiation from an ion-supported torus 
in the inner region of the disk can photo-ionize the outer line-emitting disk region. However, our calculations 
show that only a small fraction (< 2.3 per cent) of the radiation from the radiatively inefficient accretion flow 
(RIAF) in the inner region of the disk can photo-ionize the line-emitting disk portion, because the solid angle of 
the outer disk portion subtended to the inner region of the RIAF is too small. We propose a physical model for 
double-peaked line emitters, in which only those AGNs with sufficient matter above the disk (slowly moving 
jets or outflows) can scatter enough photons radiated from the inner disk region to the outer line-emitting disk 
portion extending from several hundred to more than two thousand gravitational radii. Our model predicts a 
power-law r-dependent line emissivity e Ha oc R~/ , where f3 ~ 2.5, which is consistent with (3 ~ 2-3 required 
by the model fittings for double-peaked line profiles. Using a sample of radio-loud AGNs with double-peaked 
emission lines, we show that the outer disk regions can be efficiently illuminated by the photons scattered 
from slow or mild relativistic electron-positron jets with jj < 2. It is consistent with the fact that no double- 
peaked emission line is present in strong radio quasars with relativistic jets. For radio-quiet double-peaked line 
emitters, slow outflows with Thomson scattering depth ~ 0.2 instead of jets can scatter sufficient photons to 
(illuminate) the line-emitting regions. This model can therefore solve the energy budget problem for double- 
peaked line emitters. 

Subject headings: galaxies: active — quasars: emission lines — accretion, accretion disks 



1. INTRODUCTION 

Only a small fraction of active glactic nuclei (AGNs) ex- 
hibit double-peaked broad-line profiles, for example, the 
largest sample available so far is the 116 double-peaked 
Balmer line AGNs, which are found from an initial sam- 
ple consisting of 5511 broad line AGNs wit h z < 0.5 ob- 
serve d by the Sloan Digital Sky Survey(SDSS) iStrateva etafl 
2003). Some previous authors mainly focused on the 
double-peak ed broad lines in radio -loud(RL) AGNs (e.g. , 
[ Perez et alJ fl988t IChen et afl \l9S& iChen & Halneri] Il989l 
Eracleous & Halpern 1994, 2003). A complete survey on 
RL AGNs finally resulted in 20 d ouble-peaked line emitters 
(Era cleous & Halperdll994l 120031) . It is still a mystery why 
(only) a small fraction of AGNs exhibit double-peaked broad- 
line profiles. 

Some different scenarios were suggested for the origin of 
double-peaked emis sion lines, namely, (1) emission from th e 
accretion disk (e.g. JChen et alJl989UChen & Halpernl 19891) . 

(2) emission from a binary broad-line region (BL R) i n a bi - 
nary massive black hole system (e.g.. lGaskelllll983l f 1988). 

(3) e mission from the bipolar outflows (e.g.. IZheng et alJ 
1990), (4) emission from a spherically symmetric BLR il- 
lumin ated by an anisot ropic ionizing radiation source (e.g., 
iGoad & Wanders! \l99(h . The accretion disk model is the 
most favorable one among them (see deta iled comparison 
betwe en these different scenarios in Era cleous & Halpernl 
120031 and references therein). The widths of double-peaked 
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lines range from severa l thousand to nearly 40000 km s 1 
(e.g. rWangetan 12005). In the accretion disk model, the 
double-peaked emission lines are radiated from the disk re- 
gion between around several hundred gravitational radii to 
more than two thousand gravitational radii, and their pro- 
files can be well fitted by the accretion disks with a power- 
law li ne emissivity (e.g., |C len et alJ|l989t IChen & H alpern 
1989; Erac leous & Halpernll2003ir ~However. none of these 



scenarios can answer why only a small fraction of AGNs 
have been detected as double-peaked line emitters. For exam- 
ple, in the accretion disk model, one may expect to observe 
double-peaked lines in most AGNs, as the AGNs with higher 
inclination angles have more chances to be observed, until 
their accretion d isks are obscured by the putative tori (e.g., 
lAntonuccH 1 1 9931) . if the orientations of AGNs are isotrop- 
ically distributed in space. Another difficulty for the disk 
model is the "energy budget" problem, i.e., the local vis- 
cously dissipated power in the line-emitting disk portion is 
usually insufficient for the observed double-peaked broad- 
line luminosity in most sources, and the temperatures of the 
line-emitting disk regio ns are too l ow to produce the ob- 
served H„ lines (IChen et alt [198% IChen & Halpernl [198% 
lEracleous & Halpernl 1 1994 120031) . The X-rays from a hot 
ion-supported torus in the inner disk region are assumed to 
irradiate the outer line-emitting dis k region and then to so lve 
the "energy budget" problem (e.g., Chen & Halpern 1989). 

We discuss the illumination of the outer disk regions by 
the inner ion-supported tori in §2. In this paper, we sug- 
gest a physical model for these double-peaked line emit- 
ters. In this model, a fraction of photons from the accretion 
disk are scattered by the electrons in the jet/outflow back to 
photo-ionize the outer line-emitting region, and then to pro- 
duce the observed emission lines. We describe our model in 
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§3. The cosmological parameters J1m = 0.3, fl\ = 0.7, and 1 
Ho = 70 km s" 1 Mpc -1 have been adopted in this work. 9 
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2. ION SUPPORTED HOT TORI IN DOUBLE-PEAKED LINE 
EMITTERS 

The putative hot ion supported tori in double-peaked line 
emitters are well modelled by the advection domina ted ac- 
cretion flow s (ADAFs, old version of RIAFs) ( N aravan & Yil 
119941 1 19951) . The RIAF can survive only if its accretion 
rate m (M/Mndd) is less than a critical value rh CT \x, which is 
a fun ction of the viscosity parameter a (e.g. jNaravan & Yil 
119951) . The three-dimensional MHD simulations suggest that 
the viscosity pa rameter a in the accretio n flows is ~ 0. 1 
JArmitagdl 19981 or - 0.05-0.2 JHawlev & Balbusll2002l) . 
For some double-peaked line emitters, their bolometric lumi- 
nosities could be as high as one-tenth of the Eddington value. 
Their X-ray luminosities ^ 1 " 2 4keV could be as high as 10 43 " 44 
ergs s" 1 for the double-peaked line em itters with black hole 
masse s of 10 7_9 M Q (e.g., Table 7 in Eracleous & Halpern 
120031 and Table 1 in this paper). The maximal X-ray lumi- 
nosity for a RIAF surrounding a massive black hole can be 
calculated based on the global solution for the RIAF. Adopt- 
ing m cr i t = 0.01, corresponding to a ~ 0.2, which is a con- 
servative choice, we can calculate the global structure of the 
RIAF. For such a RIAF accreting at the critical rate, its X-ray 
luminosi ty L^- 2 - 4ke J = 7 3 x 1 40 erg s s" 1 for a 10 s M black 
hole (see Manmoto 2000; Cao 2005, for detailed description 
of the calculation on the flow structure). The X-ray luminosity 
of the RIAF depends almost linearly on the black hole mass 
while m is fixed. For some X-ray luminous double-peaked 
line emitters, a very high viscosity a ~ 1 is required for the 
presence of RIAFs in these sources, which is in contradiction 
with the MHD simulations. 

It is well known that most gravitational energy of accretion 
matter is released in a small region close to the black hole, 
either for a standard thin disk ( Shakura & Sunvaev 1973) or a 
RIAF. In Fig. \l\ we calculate the ratio Lriaf(< Rd) /^^ as a 
function of Rd b ased on the global RIAF structure (Cao 2005; 
Manmoto 2000). It is found that more than 70 per cent radia- 
tion is from the region within 0.3 /?d.tr, where R^.ti is the radius 
of the RIAF connecting to the outer standard thin disk. As- 
suming homogeneous distribution of the gases in z-direction 
of the RIAF, our calculation shows that less than 2.3 per cent 
radiation from the RIAF in the inner region of the disk can il- 
luminate the line-emitting disk region with Rd > Rd.a, because 
the solid angle of the outer disk portion subtended to the inner 
region of the RIAF is too small. For more realistic z-direction 
density distribution of the RIAF, the gases are denser in the 
midplane of the flow and the resulted fraction should even be 
less than this value. Thus, the hot ion-supported tori are un- 
able to heat the outer line emitting disk regions efficiently for 
most double-peaked line emitters, even if the observed lumi- 
nous X-ray emission can be attributed to hot ion-supported 
tori. 
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FIG. 1 . — The ratio Lriaf(< ^dV^RjAF as a function of Rd/^d.tr- 



3. THE MODEL 

In this p aper, we empl oy the inhomogeneous conical jet 
model (see iKonig ll 119811 for details), which can success- 
fully expla in most obse rvational features of radio-loud AGNs 
(e.g..ljiang et alj]| 1998l>. For a free jet, its half-opening angl e 
<t>j = I hj JBlandford & Koniglll979l:lHutter & Mufsorl l986). 
where 7j is the Lorentz factor of the jet. The non-thermal 
electrons in the jet is described by a power-law energy distri- 
bution, 

( 7e \~ <2Qe+1) 

«e('] ! 7e) = «e,0('j) I I , (1) 

\ Te,min / 

from 7e, m in to 7e jt nax l lKonigll981l) . In Konigl's jet model, the 
jet is assumed to move at a constant velocity, which is a good 
approximation, though the dynamics of electron-p ositron jets 
is very complicated (e.g., Renaud & Henri 1998). For sim- 
plicity, we adopt a conventional assumption of the jet moving 
at a constant velocity /3jc. 

It is still unclear for the jet composition, i.e., electron- 
positron or electron-proton (see Worrall & Birkinshawl l2004 
for a recent review and references therein). For an electron- 
proton jet, the lower limit of electron Lorentz factor 7 e , m i n is 
required to be greater than 100, while 7 P ,.mi n could be as low 
as un ity for an electron-positron jet (e.g., iCelotti &~F abian 
119931) . This is consistent with the detection of circular po- 
larization, which strongly suggests that the jets a re electron- 
positr on plasmas and have low 7 e , m j n < 10 (e.g. War dle et alJ 
1998). The similar conclusion is arrived from powerful large 
scale X-ray jets, if they are interpreted as inverse-Compton 
scattering of cosmological microwave background photons in 
fast jets. The typical energy of the photons radiated from 
the standard thin accretion disk surrounding a massive black 
hole is v* A ~ 10 eV. The soft photons from such a standard 
disk are Compton up-scattered to the hard X-ray band (> 10 
keV, or even 7-ray bands) for an electron-proton jet, because 
7e.min ~ 100. These hard X-ray photons can hardly photo- 
ionize the outer line-emitting disk region. If a thermal elec- 
tron population with similar density co-exists with the non- 
thermal power-law electrons in the relativistic jet, the soft X- 
ray photons scattered by the thermal electrons in the jet can 
ionize the disk. Such thermal plasmas in a relativistic jet may 
produce significant Doppler shifted emission or absorption 
lines depending on their temperature, which seems inconsis- 
tent with observations. Thus, we will not consider this possi- 



A physical model for active galactic nuclei with double-peaked broad emission lines 



bility in this work, though the presence of thermal electrons in 
the jet cannot be ruled out. The situation is different for the 
electron-positron jet, of which 7 e . m i n ~ 1 ■ Most Compton scat- 
tered photons by the electrons in electron-positron jets are in 
soft X-ray bands, which can efficiently photo-ionize the line- 
emitting disk region, so we will focus on the electron-positron 
jets hereafter in this work. 

The kinetic luminosity of a relativistic moving electron- 
positron jet with Lorentz factor j> is 



ikin =Mjet(7j- l)c 2 + M jet 2Q e 7 e j n 



Te 



2a, 



-(2a c +l) 



(7e-l)c 2 d7e 



■M n c L 7j + 



2a e — 1 



where m e is electron rest mass, 7 e , ma x 3> 7 e 
the mass loss rate of the jet is given by 



(2) 



is assumed, and 



Mjet = 2m e « e (rj)27rr 2 (l -cos</)j)i?g7j/3jC. 



(3) 



For an accretion disk surrounding a black hole, most grav- 
itational energy is released in the inner region of the disk 
(within several Schwarzschild radii close to the marginal sta- 
ble orbit r m .. IShakura & Sunvaevl 19731) . where r ms is in units 
of gravitational radius R g = GM^/c 2 . For simplicity, we use 
a ring with radius r& = 2.25r ms , where is the main c ontribution 
to the integral disk luminosity (Shakura & Sunvaev 1973), to 
approximate the accretion disk radiation. The solid angle of 
the surface of the jet slice between rj and rj + drj subtended to 
the accretion disk (ring) with radius r& is 

dO(rj) 

27rrjrdSin0jCOS0j 
[('"d-']sin0j) 2 + r J 2 cos 2 (/)j] x [(rj-rdsin</>j) 2 + r^cos 2 ^j] 1 / 2 ' 

(4) 

where rj is the distance from the apex of the jet. 

The jet is Compton thin in transverse direction at large radii, 
while it becomes Compton thick at small radii. We can esti- 
mate the transition radius r ) <a by 



Tes,tr(rj,tr) = rj,tpK g 0j«e(r j ,ti-) (J T ~ 1, 



(5) 



beyond which the jet becomes Compton thin in transverse 
direction for electron scattering. Here the Thomson cross- 
section or = 6.652 x 10~ 25 cm 2 . In the region of the jet with 
1 ^ 1,tr> the photons from the disk are mostly scattered in a 
thin layer at the jet surface. 

The angle-dependent inverse-Compton scattered photons 
from the slice of the jet rj 
frame is 



rj + drj measured in the source 



tWcomp(rj,/iL) / idisk l-/3jCOS 



drdrjdfiscat ixhvl 7 2 (l-/3j/x L ) 3 



dfi(rj) 



2?r [(r d -rjsin(/)jy 



+ COS' 



^]V2 drj 



(6) 



for the Compton thick part of the jet (rj < rj tt ), where /il = 
cos 6> scat , and 9 scat is the angle of the scattered photons mea- 
sured from the axis of the jet in the source frame given by 



rj cos 4>j 



[IJ cos z 



/ ) j + ('"L-'"jsin0j) 2 ] 1 /2' 



(7) 



As only the scattered photons with energy > v^ n = 13.6 eV 
can efficiently photo-ionize the gases in the line-emitting disk 
region, the correction factor / IC describing the fraction of the 
scattered photons with energy > v^ n measured in the source 
rest frame, is given by 

-2a c 



•IC . 



: mm 



7e. 



7e. 



•1 



(8) 



Only the photons scattered by the electrons with 7 e > 7^ min 
are more energetic than 13.6 eV measured in the source frame, 
so the value of 7^ ^ is given by 



= max 



(I-ZVl) 1 / 2 ^'" 172 



.1 



where 



rj-r d sin0j 

[r? cos 2 4>j + (rj- rj sin^j) 2 ] '/ 2 



(9) 



(10) 



Assuming a line-emitting ring with radii r L extending from 
£1 to £2^ we obtain the total photons scattered in the Compton 
thick jet slice which can photo-ionize the line-emitting disk 
region, 

d^CoV');'j<'- J ,tr) f'f C L dlsk 



dfdn 



irhv* 7j 2 (1-/3jMl) 3 
drj(rj)^ 



27r [(rd-rjSin</)j) 2 + r 2 cos 2 (/)j] 1 / 2 drj 



-27rd/iL- 



>il: 



f L disk l-/3jCos(ftj 
vhvl 7j 2 (l-/3 jML ) 3 



2nr 2 r d sin </>j cos 2 0jd/iL 



[(rd-rjsin</)j) 2 + r 2 cos 2 0j] 3 / 2 x [(rj-rdsin0j) 2 + r^cos 2 ^)j] 1 / 2 

(11) 

For the jet part with rj > rj tr , it is Compton thin for electron 
scattering. In this case, we have to include radiative transfer 
of the incident photons in the jet. Similar to Compton thick 
case, we can derive the inverse-Compton scattered photons 
from the slice of the jet r s — > rj + drj photo-ionizing the line- 
emitting ring measured in the source frame as 

d^cl P ('- J ;'- J >^) 



drdn 



/ 1C ^dis 



■nhv, 



/'LI 



■ d * 7f(l-/3jML) 3 4^ ; 



n e (r))a T R g exp[-r es (rj , r- )] 



27rrj 2 rd sin </>j cos 2 </>jdrj27rd/i L 



[(rd-r- sin0j) 2 + r j /2 cos 2 (/)j] 3 / 2 x [(rj-rdsin^j^ + r^cos 2 ^] 1 / 2 ' 

(12) 
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where 
and 



ML1,2 : 



(ff+r 2 ) 1 ^' 
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(13) 



(14) 



Here the fraction f ic is also given by Eqs. (|8) and (|9}, while 

(15) 



/x| is given by 



(if + 1^)1/2' 



The electron density, n e (?j) ~ r= 2 , for a relativistic jet as re- 
quired by the mass conservation along the jet. The optical 
depth 

Tes('j,'j) = cos" 1 d (rj) / n e (rj)cr T #gdrj, 




FIG. 2. — The radii rj tr of the jets transit from Compton thick to Compton 
thin as functions of L^/Lem for different values of 7; = 1.01 (solid), 1.2 
(dashed), 1.5 (dash-dotted), and 2 (dotted), respectively. 
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47rm e (l-cos^j)fl2ccos6» d (rj)/3j7j \ rj rj 



where 



cos6> d (r-) = 



r cos ( 
j 



[('"d - 'j sin 4>0 2 + rj 2 cos 2 ^] l l 2 ' 



(16) 



(17) 



The occultation by the Compton thick part of the jet is con- 
sidered, so the lower integral limit of Eq. ill 2b is given by 

4min= maX ('j.tr,'j^inX and 

r« in = [sin 2 4, cos 2 8%( n ) + cos 2 ft - cos 2 1/2 
— r d sin </>j cos 2 CJJXrj) + r d cos 6*™^ ) 



COS 2 </>j - COS 2 ^"(fj) 



where 



COS ^(rj) = 



[r 2 cos 2 0j + (rj sin + r d ) 2 ] '/ 2 



(18) 



(19) 



The total photons scattered by the jet that can photo-ionize 
the line-emitting disk region is 



d/vJi ne 

uiv Comp 

df 



dfdrj 

dA, c i lp('-j;'-j>'-j'.-) 



dAf c'lp('-i;'-j »j.t) 

dtdrj 



dfj,lf Tj min > Tj a-. 



(20) 



We can roughly estimate the luminosity of Ha line emitted 
from the disk region between £1 and £2 by 



Lua ~ hi/Hi 



d/VJi ne 

uiv Comp 

'~ dT~ ■ 



(21) 
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FIG. 3. — The emissivities e Hc> as functions of disk radius Ri/Rg for dif- 
ferent values of 7j=1.2 (solid), 1.5 (dashed), 2 (dash-doted) and 3 (doted), 
respectively. 



4. TESTING THE MODEL 

In this paper, we use the sa mple of RL AGNs wit h double- 
peaked broad lines given by Eracleous & Halnern (2003) to 
test our model. There are 20 sources with detected double- 
peaked H Q lines in this sample (see Table 7 in their paper, 
l.tidnd references therein). The bolometric luminosity is de- 
rived from soft X-ray luminosity. They found that the viscous 
power output W d of the line-emitting disk region is insufficient 
for the observed H Q luminosity for these sources, of which 
seven sources even have W d < Ln a . We list the bolometric 
and H Q luminosities in Table 1 (converted to the cosmology 
adopted in this paper). 

We estimate the jet power of these sources from their low- 
frequency radio emission. The relat ion between je t power and 
radio luminosity proposed by Willott et al. ( 1999) is 



if the line emitting portion is photo-ionized by the X-ray pho- 
tons scattered in the jet and the thermalization is not impor- 
tant. 

We can derive n e ('"j) from Eqs. 0, and (|3j, if the ratio 
Lkin/^Edd is specified. Using Eqs. (0, (II Q , H2\ . i20\ and 

( 12 It . we can calculate Lua/L^ as a function of Lkm/^Edd, 
when 7j, 76,11110, and a e are specified. 



Q 



jet 



:3 x 10 45 / 3/2 ^I 



ergs 



(22) 



where L151 is the total radio luminosity at 151 MHz in units 
of 10 28 W Hz" 1 sr" 1 . IWillott et alJ (119991) have argued that 
the normalization is uncertain and introduced the factor / to 
account for these uncertainties. They use a wide variety of 
arguments to suggest that 1 < / < 20. Blu ndell & Raw lings 
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(2000) argued that / ~ 10 is a likely consequence of the evo- 
lution of magnetic field strengths as radio sources evolve. In 
this paper, we adopt / = 10 in all our calculations. 

Finally, we need to estimate the masses of the black holes in 
these double-peaked line emitters. It is still unclear whether 
the empirical relation between the BL R size and o ptical con- 
tinuum luminosity suggested by Kaspi et al. (2000) still holds 
for th ese AGNs (Wang et al. 2005; but also see IWu & Liul 
2004), because the double-peaked lines are assumed to origi- 
nate from accretion disks, which is different from the conven- 
tional cloud models for BLRs. In this paper, we use the rela- 
tion between host galaxy absolute magni tude Mr at R-band 
and b lack hole mass Mbh proposed by iMcLure & Dunlonl 
(200|), 

log lo (M bh /M ) = -0.50(±0.02)M R -2.75(±0.53), (23) 

to estimate the black hole masses. There are seven sources 
in this sample, of which the host galaxy magnitudes are un- 
available in literature. We adopt the total magnitudes (includ- 
ing the nuclear emission), which may over-estimate the black 
hole masses for these seven sources. 

In this work, we adopt 4>\ = l/7i for a free jet 
( iBlandford & Konigll fT979l Mutter & Mufso^dH), which 
is a good approximatio n even for a slow jet with 7j ~ 1. 
ICelotti & Fabianl l ) 19931) have argued that the lower energy cut 
for the non-thermal distributed relativistic electrons in the jets 
can be as low as 7e iin in ~ 1 ■ Our model calculations are carried 
out for 7e. m in = 1 ■ The spectral index for optically thin syn- 
chrotron radiation a e = 0.75 is adopted for all calculations in 
this work, which is consistent with observations on radio-loud 
AGNs (e.g., Jiang et al. 1998). The model calculations can be 
carried out, if the integral limits: rj jm j n , £1, and £2 are speci- 
fied. In all our calculations, rj jm i n = 10 is adopted. In Fig. 2, 
we show how the transition radius rj t , of the jet from Comp- 
ton thick to Compton thin varies with jet kinetic luminosity 
Lki n . The transition radius rj te increases with Ly n . The jet can 
be Compton thin down to rj im j n , when Lidn/^Edd < 10~ 3 - 10~ 2 . 
For the cases with high kinetic luminosity Lkin/^Edd, the jet is 
Compton thick even at very a large radius r y We integrate 
Eq. ( I20i over r s (from r s m j n = 10) to calculate the emissivities 
e Ha as functions of radius in Fig. |3]for different values of 7j. 
The final results depend insensitively on the value of rj, m i n , 
because the solid angle of the outer line-emitting region sub- 
tended to the jet is very small if rj is small. It is found that the 
emissivities have nearly power-law r-dependent distributions: 
oc rjj ', and the values of (3 are ~ 2.5. This implies that the 
ratio Lhq /^disk is mainly governed by the inner radius £1 of 
the line-emitting disk region. We integrate Eq. i20\ . and the 
relations between L^/Lem and LHa/^disk are plotted in Fig. 
|4]for different values of 7j. The data of the sample are plotted 
in the same figure for comparison. 
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FIG. 4. — The relations between Lkin/^-Edd and LHa/^bol for different val- 
ues of 7j . The lower electron energy cutoff 7 e . m in = 1 is adopted in the cal- 
culations. The solid lines represent the line-emitting region extending from 
£l = 200 to £ 2 = 3000 (the dashed lines are for & = 400 and § 2 = 3000; the 
dash-dotted lines are for §1 = 600 and £9 = 3000). The filled circles represent 
the sources with < Ln a . 

5. DISCUSSION 

In the ion-supported torus scenario, the torus is truncated to 
a thin disk at a radius /?d,tr> an d the X-ray photons from the 
torus are thought to illuminate the outer line-emitting disk re- 
gion. The most favorable candidate f or such an ion -supported 
hot torus is the RIAF dNaravan & Yilll994l H99H) . However, 
some double-peaked emitters have very luminous X-ray emis- 
sion, which cannot be reproduced solely by the RIAFs in these 
sources if a reasonable viscosity parameter is adopted (see 
discussion in §2). It is quite doubtful whether RIAFs are in 
these X-ray luminous double-peaked line emitters. In Fig. 
1, we find that most energy is radiated in the inner edge of 
the RIAF (more than 70 per cent of the total radiation of the 
RIAF is emitted from the region < 0.3/?a.tr)- Our calcula- 
tion shows that less than 2.3 per cent radiation from the RIAF 
in the inner region of the disk can illuminate the outer disk re- 
gion with Ri > R± tr (see §2), which implies that the radiation 
of RIAFs is unable to solve the energy budget problem for 
most sources even if all the observed luminous X-ray emis- 
sion in some double-peaked line emitters can be attributed to 
RIAFs. 

Comparison between jet power estimated from the ex- 
tended radio emission and kinetic luminosity of the jet re- 
quires 7 e m in ~ 1 for electron-posit ron jets, and 7e. m j n ~ 100 
for electron-proton jets (e.g., Celotti & Fabian 1993). For 
electron-proton jets, the inverse-Compton scattered photons 
by the electrons in the jet are in hard X-ray/7-ray bands, 
which are inefficient for photo-ionizing the line-emitting disk 
region. In our present model, the line-emitting disk region 
is assumed to be irradiated by the scattered X-ray photons 
from the electron-positron jet. Most photons Compton up- 
scattered by the electrons in the electron-positron jets are in 
the soft X-ray band, which can efficiently photo-ionize the 
outer line-emitting disk region. Our calculations show that 
the jet can be Compton thin down to rj # if the jet kinetic lu- 
minosity Lkin/^Edd is low, while it can be Compton thick even 
at very large radii for high values of Lkin/^Edd, because much 
matter is loaded by the jet with high Lkin/^Edd- In our calcu- 
lations, the minimal radius of the jet r s , m j n = 10 is adopted. In 
principle, we can calculate the cases for a jet down to a radius 
lower than rj m j n = 10, though it is still unclear whether the 
Konigl's conical jet is still valid to a very small radius near the 
black hole. Fortunately, the photons scattered near the bottom 
of the jet cannot photo-ionize the outer line-emitting disk re- 
gion efficiently, because of the small solid angle subtended to 
the line-emitting region, which is similar to the RIAF case as 
discussed in §2. Thus, the final results have not been affected 
much even if a value of rj m i n < 10 is adopted. 

In Fig. |5J we find that the emissivities e Ha have sim- 
ilar power-law r-dependence for different Lorentz factors 
7j adopted. We find e Ha varies with r nearly oc r" 2 5 
along the disk radius for all cases. The model fittings on 
the observed double-peaked line profile requires a power- 
law line emissivi ty with an index of ~ 2 - 3 for differ- 
ent sources (e.g.. Ichen & Hafoernlll989t iChen etalJ 119891: 
lEracleous & Halpernlll994 120031) . which is consistent with 
our model calculations. It is found that the emissivity de- 
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creases rapidly with increasing the Lorentz factor y y For 
given jet kinetic luminosity, a higher y s leads to lower elec- 
tron density (see Eqs. |2]and[3j, which decreases the inverse- 
Compton scattered photons from the jet, and then the emis- 
sivity e Ha . 

The ratios LHa/^disk varying with Lkm/^Edd for different 
values of 7j are plotted in Fig. |4] We plot the data of the 
sample in Fig. |4]to test our model by comparison with the 
model calculations. We find that the Lorentz factors of the 
jets 7j < 2 are required to explain the observed data for most 
sources in this sample. The apparent angular velocity of the 
brightest jet co mponent in 3C390.3 me asured by VLBI is 
^0.54 mas/year JKellermann et al.ll2004l) . The Lorentz fac- 
tor of the jet in this source 7j ~ 2.1 is therefore derived from 
its inclination angle i = 26°, which is e stimated from the fit- 
ting of its double-peaked line profile by Eracleous & Halpern 
( 1994). In Fig. 0] one can find that a jet with 7j ~ 1.5-2 
is required by the mode l calculation for this sourc e. For 
this source, Wa ~ 4.6Lu a (Eracleous & Halpern 2003), which 
means that the Blamer line emission may be partly attributed 
to the local viscous heating of the line-emitting disk region, 
so our result is roughly consistent with that derived from the 
VLBI observations. Only one source, Pictor A, a jet with 
relatively larger Lorentz factor 7j > 2 is required to illumi- 
nate th e line-emitting reg ion. This is a powerful radio galaxy 
(e.g.. lWilson et alj |20_0_l|), and X -ray jet emission is detected 
in this source (Hardcastle 2005). The X-ray emission from 
the jet is important for this source, and the accretion disk lu- 
minosity derived from its X-ray luminosity is obviously over- 
estimated, so the location of this source in Fig. 0] should be 
shifted upwards. A mild relativistic jet may probably pro- 
vide sufficient scattered photons for photo-ionizing the line- 
emitting disk region in this source, if the X-ray emission is 
dominantly from the jet. For Arp 102B, a very low 7j ~ 1.01 
(~ 0.14c) is required (see Fig. |4}, i.e., a slowly moving 
conical outflow is present in this source, whic h is consis- 
tent with its compact radio structu re (Biermann et al.l fl98 It 
iPuschell et al.ll9 86: Cacciani ga et all2001l) . Another special 
source, IRAS 0236.6-3101, which is difficult to be explained 
by this model (see Fig. |4}. This is a star-forming galaxy with 
very weak radio emission (9.5 mJy at 1.4 GHz), and it prob- 
ably has no jet. The origin of its double-peaked lines may 
be similar to that of radio-quiet double-peaked line emitters, 
which will be addressed in the last paragraph of this section. 

For the seven sources with only upper limits on black 
hole masses (lower limits on the ratios Lkin/^EddX mev are 
similar to others and the jets with moderate Lorentz factors 
7 < 2 can solve the "energy budget" problem. As the de- 
tailed model fittings for individual sources indicate that the 
line-emitting regions in these sources have different sizes (see 
lEracleou~& Halner nT2003[ for details), our calculations have 
been carried out for different values of £i and ^(see different 
line types in Fig. 0}, which have not altered our main conclu- 
sion. 

There are 13 sources in this sample with Wd/Lu a > 1. Al- 
though it means the local viscous power in the line-emitting 
disk regions may be sufficient for the line emission for these 
13 sources, the temperatures of the line-emitting disk portions 
are still too low for all the observed H Q line emission. The 
external illuminating from the jets is still necessary for these 
sources. In our model, an electron-positron jet is required to 
scatter disk photons back to photo-ionize the outer disk sur- 
face to produce Balmer lines. We suggest that future VLBI 
polarization observations on these radio-loud double-peaked 



line emitters can test this model. 

In this paper, some quantities, Mbh, ^boh and L^ a , are de- 
rived from observed quantities by using the conventional ap- 
proaches reported in literature, of which the uncertainties 
might affect our results. However, the qulititative conclusion 
that slow jets/outflows are required in double-peaked emitters 
would not be altered (see Fig. 4), for typical errors for these 
quantities, i.e., a factor of ~ 3 for Mbh, and the derived kinetic 
luminosity is accurate at an order of magnitude. In our 
present calculation of Lu a , we have not included the thermal - 
ization od the disk. If the thermalization is considered, the 
resulted Ln a will become lower, so a lower bulk Lorentz fac- 
tor 7j of the jet than our present model calculation is required 
(see Fig. |4j. 

Besides radio-loud AGNs in this sample, several ten 
radio-quiet double-pe aked line emitters have been discovered 
JStrateva et al.l 12003). Although no jet is present in these 
radio-quiet AGNs, we speculate that slow moving outflows 
may be in these sources, which play the same role of the jets 
in their radio-loud counterparts. If the electrons in the out- 
flows are non-relativistic, a fraction of disk power radiated 
from its inner region can be Thomson scattered to the outer 
line-emitting portion of the disk. If the Thomson scattering 
depth is ~ 0.2, the outflows can scatter nearly one-tenth of 
the disk radiation to illuminate the outer line-emitting disk 
portion. If this is the case, the absorption by the outflows in 
these radio-quiet AGNs is expected to be detected by X-ray 
observations, which can be a test on our model. The lack of 
detected double-peaked broad emission lines in strong radio- 
loud quasars with relativistic jets is a natural prediction of our 
model, i.e., the Compton scattering power is too weak to irra- 
diate the outer line-emitting portion for fast moving jets. For 
radio-quiet AGNs, only those having outflows with suitable 
scattering depth can scatter disk photons back to illuminate 
the outer line-emitting portion, which leads to double-peaked 
broad emission lines. Recent X-ray observations showed that 
a fraction of quasars and Seyfert galaxies ha ve X-ray ab- 
sorpti on with column den sity > 10 2 -xm~ 3 (e.g..jReeves et all 
120031: lYouiTg et alJl2005t iPiconcelli et al.1 120051) . which im- 
plies that the AGNs having outflows with suitable scattering 
depth ~ 0.2 are not common among all AGNs. However, it 
does not mean that all AGNs with suitable scattering depth 
will exhibit double-peaked lines. Some other factors, such 
as, the viewing angle and the properties of the accretion disk, 
may play important roles in producing double-peaked lines. 
The quantitative model calculations to fit the line profiles for 
individual AGNs are beyond the scope of this work, which 
will be reported in the forthcoming paper. 

In this work, we suggest that the soft photons scattered 
by electrons in electron-position jets for radio-loud double- 
peaked line emitters (or in slow outflows with suitable scat- 
tering depth for radio-quiet counterparts) can efficiently ion- 
ize the line-emitting disk regions. Another possibility is that 
slow outflows play the same role in radio-loud double-peaked 
line emitters as radio-quiet sources, though it is still unclear 
whether relativitic jets can co-exist with such cold outflows 
in radio-loud double-peaked line emitters. However, it is un- 
able to explain the fact that no double-peaked emission line 
is present in strong radio quasars with relativistic jets, while 
this is a natural prediction of the electron-positron jet model 
proposed in this work. 
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TABLE 1 
Data of the sample 



Source name 


redshift 


l°gio M bh/M Q 


reference 


loglO^HQ 


log 10 L bol 


logioGjct 


Afa/A>oi 


Qjet/^Edd 


3C 17 


0.220 


8.81 a 


1 


43.50 


45.80 


45.73 


5.0x 10" 3 


5.92 x 10" 2 


4C 31.06 


0.373 


9.66" 


2 


43.08 


46.66 


45.17 


2.65 xlO" 4 


2.91 x 10" 3 


3C 59 


0.109 


8.59 


3 


42.82 


46.30 


44.89 


3.28 xlO" 4 


1.45 xlO" 2 


PKS 0235+023 


0.209 


<8.91 a 


4 


43.85 


46.68 


44.95 


1.48 xlO" 3 


7.87 x 10" 3 


IRAS 0236.6-3101 


0.062 


8.83 


5 


42.20 


45.01 


42.07 


1.55 xlO" 3 


1.25 xlO" 5 


PKS 0340-37 


0.285 


<8.87 


2 


44.22 


46.65 


45.50 


3.71 xlO" 3 


3.16xl0" 2 


3C 93 


0.357 


8.99 


6 


43.20 


46.59 


45.86 


4. 14 xlO" 4 


5.43 xlO" 4 


MS 0450.3-1817 


0.059 


7.63 b 


7 


41.28 


44.69 


43.20 


3.91x10^ 


2.68 xlO" 3 


Pictor A 


0.035 


7.62 a 


8 


41.77 


45.76 


45.31 


1.02X10" 4 


3.53x10"' 


B2 0742+31 


0.462 


<11.22 a 


9 


44.63 


47.43 


45.81 


1.58 xlO" 3 


2.87 x 10" 4 


CBS 74 


0.092 


<8.73 a 


2 


42.92 


46.29 


44.50 


4.22x10^ 


4.28 xlO" 3 


PKS 0921-213 


0.053 


<7.87 a 


2 


42.42 


45.70 


43.80 


5.21x10^ 


6. 19 xlO" 3 


PKS 1020-103 


0.197 


8.85 


10 


43.54 


46.86 


44.61 


4.83 xlO" 4 


4.23 xlO" 3 


CSO 643 


0.276 


<9.77 a 


11 


43.25 


47.05 


44.62 


1.59x10^ 


5.16xl0" 4 


3C 303 


0.141 


8.27 a 


8 


42.29 


45.81 


44.97 


3.04x10^ 


3.269 xlO" 2 


3C 332 


0.151 


8.53 a 


8 


42.46 


45.79 


45.20 


4.63 xlO" 4 


3.40X10" 2 


Arp 102B 


0.024167 


8.34 


12 


41.87 


44.46 


42.54 


2.61 xlO" 3 


1.14X10" 4 


3C382 


0.05787 


9.38 a 


1 


43.07 


46.78 


44.64 


1.93 xlO" 4 


1.32X10" 3 


3C 390.3 


0.0561 


8.59 


13 


42.57 


46.14 


44.87 


2.69 xlO" 4 


1.38X10" 2 


PKS 1914-45 


0.368 


<10.37 a 


9 


43.75 


46.24 


45.83 


3.23 xlO" 3 


2.11 xlO" 3 



REFERENCES. — (1) Smith & Heckman ■ 1989); (2) Eracleous & Halpern 2003); (3) McLure & Dunloc 2001); (4) Schneider ■ 1994); (5) Lauberts & Valentiin i 1989); (6) 
iPagani et al.l 120031); f 7) lTWoMi7^c7All^]Ssurvev team! 120031) : (8T lZirbel Il996l) : (9) NED; flO) lFalonTOetalT)20031l : fl li lStepanian et all 120011) : n2^ l5reemanetall 119771) : 
(131 IKaspietalJ 1200011 . 

NOTE. — Column (3) the black hole mass is estimated from the host galaxy R-band magnitude except the two sources: Arp 102B and 3C390.3; Columns (5)-(7) in units of erg s" 1 : 

a The R-band magnitude is converted from V-band magnitude assuming my — ffiR = 0.61 Fukusitaet al. 1995). 
^The R-band magnitude is converted from K-band magnitude assuming /h.r -/«k = 2.5 ■ Dunlop et al, 2003). 



